The major glutathione S-transferase isoenzyme from bovine brain was isolated and purified approx. 500-fold. The enzyme has a pl of 7.39+0.02 and consists of two non-identical subunits having apparent M, values of 22000 and 24000. The enzyme is uniformly distributed in brain, and kinetic data at pH 6.5 with 1-chloro-2,4-dinitrobenzene (CDNB) as substrate suggest a random rapid-equilibrium mechanism. The kinetics of inhibition by product, by GSH analogues and by NADH are consistent with the suggested mechanism and require inhibitor binding to several different enzyme forms. Long-chain fatty acids are excellent inhibitors of the enzyme, and values of lnKi for hexanoic acid, octanoic acid, decanoic acid and lauric acid form a linear series when plotted as a function of alkyl chain length. A free-energy change of -1900 J/mol (-455 cal/mol) per CH2 unit is calculated for the contribution of hydrophobic binding energy to the inhibition constants. The turnover number of the purified enzyme dimer is approx. 3400/min. When compared with the second-order rate constant for the reaction between CDNB and GSH, the enzyme is providing a rate acceleration of about 1000-fold. The role of entropic contributions to this small rate acceleration is discussed.
INTRODUCTION
The glutathione S-transferases (GSTs; EC 2.5.1.18) represent a ubiquitous and diverse family of isoenzymes that have been suggested to participate in a wide variety of biotransformations, including xenobiotic detoxification, ligand binding and transport, and the synthesis and modification of prostaglandins, leukotrienes and steroids (Jakoby, 1978; Mannervik, 1985) . Initially, the enzymes from rat liver received the most attention and these were originally described as combinations of four different subunits into six dimeric proteins (Bass et al., 1977; Mannervik & Jensson, 1982) . More recently, however, 11 major forms have been identified in rat liver (Satoh et al., 1985; Tu & Reddy, 1985) , and evidence for extensive microheterogeneity within a single subunit has been presented (Wang et al., 1986) . The multigene family encoding for the GSTs has been widely studied (Pemble et al., 1986) , and the isoenzyme heterogeneity can be accounted for by multiple copies of the gene having diversity in regions associated with the 'secondsubstrate '-binding site Telakowski-Hopkins et al., 1986) . Despite attempts to clarify nomenclature, the heterogeneity of GST isoenzymes among various tissues and the potential for electrophoretic anomalies displayed by some of the subunits (Hayes & Mantle, 1986) has left the nomenclature issue somewhat confused. Mannervik et al. (1985) have suggested a simplification of the nomenclature by establishing the categories 'acidic", 'near-neutral' and 'basic' (Alpha, Mu and Pi) . Each of these groups shares common specificities, in addition to their pl, and it has been suggested that the three groups represent evolutionary ancestors. There are, however, newly reported isoenzymes that possibly do not adhere to the three groupings (Awasthi & Singh, 1984; Singh & Awasthi, 1986) .
In spite of the abundance of the proteins in virtually all cells, there is still no clear role for the enzymes in cellular metabolism. Xenobiotic protection is the most popular concept for a role in vivo, and it has been reported that overexpression of the Ya GST subunit in Cos cells leads to increased resistance to benzo [a] pyrene-antidiol epoxide (Manoharan et al., 1987) . In other cases, however, increases in GST concentrations in tumour-cell lines do not correlate well with the resistance of the cells to particular alkylating agents (Evans et al., 1987) . The GST isoenzymes have been reported to catalyse the conjugation of GSH to epoxyeicosatrienoic acids (Spearman et al., 1985) , the transformation of prostaglandin H2 into prostaglandin F2 and the conversion of leukotriene A4 into leukotriene C4 (Soderstr6m et al., 1985; Wu, 1986) . This last-mentioned reaction, however, has been found to be catalysed more efficiently by a distinct leukotriene C4 synthetase (Abe et al., 1985; Yoshimoto et al., 1985) .
Intracellular binding of hydrophobic substrates by GST has also been widely studied, and the enzymes have been noted to bind haem derivatives (Senjo et al., 1985) , steroids and bile acids, leukotrienes (Sun et al., 1986a,b) etc. As above with the leukotriene C4 synthetase, some of these ligands have since been found to bind more tightly to specific carrier proteins (Takikawa et al., 1986b) , and in several cases ligands have been found to be displaced from the enzyme by physiological concentrations of GSH (Clark & Carrol, 1986; Takikawa et al., 1986a) .
In the course of other work we noted that the supernatant fraction from bovine brain contained a high GST activity. A cursory examination of the activity indicated that at pH 6.5 the enzyme obeyed simple Abbreviations used: GST, glutathione S-transferase; CDNB, 1-chloro-2,4-dinitrobenzene.
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Michaelis-Menten kinetics at GSH concentrations up to 17 x Km. This is an important point, since previous kinetic studies on the rat liver isoenzyme A (3-3; YblYb2) had shown significant deviations from linearity Askelof et al., 1975) , limiting the utility of kinetic studies that might help elucidate the physiological role of the enzyme. In order to assess the utility of the bovine brain enzyme for kinetic and binding studies, we have isolated the major isoenzyme and here report the purification and kinetic characterization.
MATERIALS AND METHODS

Materials
All chemicals used were readily available commercial products and were used without further purification unless otherwise noted. GSH was obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.) and was used as supplied. Stock solutions were prepared in glass-distilled water containing 20 (w/v) dithiothreitol; all solutions were stored at 4°C under an atmosphere of N2. Stock solutions of 1-chloro-2,4-dinitrobenzene (CDNB) were prepared in ethanol at 0.25 M; the ethanol concentration in enzyme assays was generally less than 1 % and never exceeded 4 O% The product of the conjugation reaction, S-(2,4-dinitrophenyl)glutathione, was prepared by incubating CDNB with a slight excess of GSH in aq. 60 % (v/v) methanol containing 0.01 M-potassium phosphate buffer, pH 7.2. The reaction was followed to completion by monitoring the absorbance change at 340 nm (about 6 h). The final concentration of product was determined from the absorption coefficient ) of 9.6 mM-cm-' at 340 nm. A small amount of GSH remaining in the solution was quantified by reaction with DTNB and included when calculating GSH concentrations in inhibition experiments. The tripeptide yglutamylserylglycine (Chen et al., 1985) was prepared by using the enzyme y-glutamyltransferase (EC 2.3.2.2) from bovine kidney (Sigma Chemical Co.) and L-yglutamic acid p-nitroanilide. A mixture containing 500 ,umol of Tris/HCI buffer, pH 9.0, 100 ,umol of MgCl2, 200 ,umol of L-y-glutamic acid p-nitroanilide, 400 ,umol of serylglycine and 10 units of enzyme was incubated at 37°C for 45 min with shaking. The reaction was terminated by the addition of 20 ml of 1.5 M-acetic acid and the mixture was freeze-dried. The solid was extracted with small volumes of water, and the product was separated by gel filtration on a Sephadex G-10 column (1.5 cm x 125 cm) with 0.05 M-Tris/HCI buffer, pH 8. In a typical preparation, brain tissue was homogenized in a Waring blender for about 1 min in 0.05 M-Tris/HCl buffer, pH 7.5, containing 10 ,tM-dithiothreitol, 1 ,4M-EDTA and 2.50% (w/v) mannitol (buffer A); 3 ml of buffer was used per g of tissue. The crude homogenate was further treated with a Virtis homogenizer for about 3 min and then centrifuged at 13 000 g for 15 min. The supernatant was clarified by centrifugation at 100000 g for 60 min. A calcium phosphate gel suspension of 25 mg/ml was added to the 100000 g supernatant at a ratio of 3 mg of gel/mg of protein. Concentrated potassium phosphate buffer (1.0 M) was added to give a final concentration of 0.01 M-potassium phosphate buffer, pH 6.5. The suspension was stirred for 5 min in an ice bath and then centrifuged at 13000 g for 15 min; the pellet was discarded. Finely divided (NH4)2SO4 was slowly added (20 g/ 100 ml of enzyme solution) with stirring in an ice bath. After all the salt had dissolved, the suspension was centrifuged at 30000 g for 20 min; the pellet was discarded. Additional (NH4)2SO4 (28 g/ 100 ml of enzyme solution) was added and the suspension was centrifuged again at 30000 g for 20 min. The pellet was dissolved in a minimum amount of 0.05 M-Tris/HCl buffer, pH 8.0, containing 10 ,uM-dithiothreitol, 1 ,UM-EDTA and 5 % (w/v) mannitol (buffer B).
The (NH4)2SO4-treated enzyme was applied to a Sephadex G-100 column (2.5 cm x 45 cm) and eluted with buffer B; fractions were assayed for protein concentration and activity. The fractions containing the highest specific activity were applied to a DEAE-cellulose column (6 cm x 12 cm) equilibrated in buffer B. The column was eluted with 250 ml of this buffer followed by 150 ml each of 0.05 M-and 0.1 M-potassium phosphate buffers containing dithiothreitol, EDTA and mannitol as described for buffer B. Two activity peaks were observed. The first, containing most of the activity, was adjusted to pH 7.2 with 1 M-potassium phosphate buffer, pH 6.5, and applied to the affinity column described below.
Affinity chromatography
With the use of the general procedure of Simons & Vander Jagt (1977) , 2 g of epoxy-activated Sepharose 6B (Sigma Chemical Co.) was washed with glass-distilled water and 0.01 M-potassium phosphate buffer, pH 7.0, 1989 and then degassed briefly with N2. A 0.1 % solution of GSH (2 ml) was added and coupling was allowed to proceed for 20 h at 37°C in a shaking incubator. The coupled gel was washed and remaining groups were blocked by the addition of 1.0 M-ethanolamine. After 4 h the gel was washed with (1 litre each) 0.5 M-KCI in 0.10 Msodium acetate buffer, pH 4.0, 0.10 M-sodium borate buffer, pH 8.0, and finally with 0.10 M-potassium phosphate buffer, pH 8.0. The gel was poured in a glass column (0.5 cm x 10 cm). In general, up to 30 mg of DEAE-cellulose-purified protein could be applied to the column with little loss in separating efficiency. Protein was applied in 0.02 M-potassium phosphate buffer, pH 7.0, containing 2.50% (w/v) mannitol and washed with this buffer until no more protein was eluted. The enzyme was eluted with 0.05 M-Tris/HCl buffer, pH 8.0, containing 5 mM-GSH, 1 /kM-EDTA and 2.50% (w/v) mannitol. Collection tubes contained 0.05 ml of 1.0 Mpotassium phosphate buffer, pH 6.5, containing 100% (w/v) mannitol; 1 ml fractions were collected. Active fractions were combined and dialysed against 0.01 Mpotassium phosphate buffer, pH 7.0, containing 10 /iMdithiothreitol, 1 ,tM-EDTA and 50 (w/v) mannitol. All kinetic determinations were performed on this enzyme fraction. Distribution of enzyme activity in brain One whole fresh bovine brain was dissected into eight anatomical regions (Table 2) . Each region was weighed and homogenized as described above. Enzyme activities were determined on the 100000 g supernatants; protein determinations were by the biuret method, with bovine serum albumin as standard. Pellets from 100000 g centrifugation were washed with buffer A and with buffer A containing 0.1 M-KCI. Enzyme activities were measured for these washings and for a suspension of the microsomal pellet, also in buffer A. Preparative isoelectric focusing was done in an LKB-110 column with Ampholine carriers, pH 7-9. Dialysed enzyme was introduced into the column with the sucrose gradient by standard methods (Stenersen et al., 1979) . A 20 Ampholine concentration was used; the temperature was maintained at 4 'C. The column was run at an initial voltage of 580 V for 48 h. Fractions (1 ml) were eluted and the pH and activity were determined.
RESULTS AND DISCUSSION Isolation of the enzyme
As shown in Table 1 , GST was purified about 540-fold from calf brain supernatant, with an overall yield of 270. Isoelectric focusing after the first GSH-Sepharose 6B affinity column resulted in the same purification; however, the yield was only 30. The purification scheme is unremarkable and involves calcium phosphate-gel and (NH4)2SO4 precipitations, chromatography over Sephadex G-100 and DEAE-cellulose and finally affinity chromatography on GSH immobilized through the sulphur atom to epoxy-activated Sepharose 6B, as described by Simons & Vander Jagt (1977) . Elution from DEAE-cellulose gave two active fractions; the major peak, comprising 83 00 of the total activity, represents the major isoenzyme from the soluble fraction and was carried through the remaining purification steps. Affinity chromatography after partial purification, as described above, proceeded with higher recoveries than if the affinity steps were utilized early in the purification. The distribution of the enzyme in bovine brain appears to be quite uniform (Table 2) , with a slightly higher activity in the corpus collasum and the thalamus and the lowest activity in the spinal cord. The fraction of the total GST activity that is microsomal or particulate-bound seems to be quite small in bovine brain (less tha 0.5 %), and the specific activities of the crude extracts of bovine brain appear to be about 10-fold higher than those previously reported for monkey brain (Asaoka et al., 1977 (pl 8.3 ) and two anionic (pl 5.5 and 4.6) forms of GST (Theodore et al., 1985) . The acidic isoenzyme has a subunit composition that is very similar to the bovine enzyme (M; 22 500 and 24500), but obviously differs markedly in pl. The higher-pI isoenzymes in human brain are homodimers of 26 500-M; subunits, which are immunologically and catalytically distinct. Abramovitz & Listowsky (1987) have described the selective expression of a unique GST gene (termed Yb3) that comprises the major GST subunit in rat brain. This gene is also observed as a minor component in liver and heart, and as a very minor component in spleen, lung and kidney, again suggesting that the brain GST enzymes may be slightly different from those observed in other tissues.
Kinetic characterization
Initial-velocity studies with either GSH or CDNB as the varied-concentration substrate at fixed concentrations of the other gave linear double-reciprocal plots with a common intersection point on the abscissa in both cases (for example, Fig. 1) ; intercept replots of these data were linear in both cases. 1977). In Fig. 2 a linear approach to Vmax is observed for GSH concentrations 17-fold the apparent Km at this CDNB concentration. Non-linear behaviour is observed, however, if this same experiment is performed at pH 7, suggesting that the non-linearity at higher pH is arising from some step in the reaction sequence that is pHsensitive. It should also be noted that, at pH 6.5, there is no 'time-dependent' effect on enzyme activity such as that reported by Vander Jagt and co-workers for several GST enzymes (Vander Jagt et al., 1982) . The fact that this GST enzyme is kinetically simple at pH 6.5 means that the binding and inhibition properties can be investigated by using standard kinetic methods.
There are several possible kinetic models for an enzyme reaction that is bimolecular in both directions. The observation of a mixed-type slope-intercept pattern in double-reciprocal plots of each variable substrate at fixed concentrations of the other (Fig. 1) is inconsistent with the mechanism requiring ordered addition of substrates in which the binding is rapid equilibrium, and inconsistent with a double-displacement ('ping-pong') mechanism. The observation is consistent, however, with the ordered mechanism if the binding of the second substrate is a steady-state process, or if the entire binding scheme is random and rapid equilibrium. By both models, the fact that the common intersection point of the double-reciprocal plots in Fig. 1 (and the comparable plot, not shown, for varied CDNB concentrations) lies on the abscissa means that the subunits are catalytically equivalent and that the binding of the second substrate does not affect the binding of the first. The apparent Michaelis constant for the first substrate is equal to the true dissociation constant only if the kinetic mechanism is random rapid equilibrium.
Assuming that C1-ion is not specifically bound by the enzyme and that it is therefore released first, the order of substrate binding in an ordered mechanism can be distinguished by product-inhibition studies (Segal, 1975) . The product S-(2,4-dinitrophenyl)glutathione was prepared and found to be a competitive inhibitor with respect to CDNB and non-competitive with respect to GSH. For the ordered mechanism this requires that CDNB binds first, GSH second. For the random rapidequilibrium mechanism the product would be expected to have the greatest affinity for the free enzyme and thus be competitive with respect to both substrates. In order to accommodate the observed non-competitive inhibition with respect to GSH in this mechanism, the product must also be able to bind to the E. GSH form of the enzyme. This is not entirely unlikely, as the dinitrophenyl sulphide would be quite hydrophobic and could compete with CDNB for a non-specific hydrophobic binding site. Consistent with this notion, slope replots of doublereciprocal plots for product inhibition show upward curvature at high concentrations of product, requiring a parallel mechanism in which product can bind twice to, presumably, the free enzyme.
The best distinction between the two possible pathways is provided by GSH analogues that would be expected to bind to both the free enzyme and to the E. CDNB complex. We have examined inhibition by y-glutamylserine, y-glutamylglutamate and y-glutamylserylglycine (Chen et al., 1985) . For all of these the observed inhibition is competitive with respect to GSH and non-competitive with respect to CDNB. This is the dependence predicted by the random rapid-equilibrium mechanism; the ordered mechanism requires un-competitive inhibition with respect to CDNB.
The data are consistent with an enzyme having two non-identical but catalytically equivalent and nonco-operative subunits functioning by a random rapidequilibrium mechanism in which the binding of one substrate does not affect the binding constant of the second (Scheme 1). It is unusual to find non-identical subunits that are catalytically equivalent, and the possibility must be considered that only one of the subunits in the present enzyme might be catalytically active. Non-co-operativity between GST subunits has been previously demonstrated with heterodimer combinations of rat liver isoenzymes , in which each subunit has been found to function independently of the second, the observed rate and catalytic properties being simply additive.
The common abscissa intercept observed in Fig. 1 and in the comparable plot for varied CDNB concentrations give the dissociation constants for the binding of the substrates to the free enzyme. Mannervik and co-workers have suggested that the rat liver 3-3 isoenzyme exhibits non-ideal Michaelis-Menten kinetic behaviour resulting from a random steady-state mechanism (Askelof et al., 1975; Jakobson et al., 1977) . If this is correct, the nonlinearity observed with the bovine enzyme at higher pH could simply reflect a change in the rate-limiting step from arylation at low pH to substrate binding or product release at higher pH values. such a role may seem appropriate for liver enzymes, the central nervous system, in general, has very little reputation as a detoxifying organ. In order to gain a clearer understanding of the nature of the secondsubstrate-binding site we have examined inhibition by a wide variety of compounds (Table 3 ). The most powerful inhibition by a carboxylic acid in Table 3 is the C12 lauric acid. The inhibition occurs well below the critical micelle concentration, suggesting the inhibition is from acid monomer. The steady decrease in inhibition constant for other carboxylates as the chain length of the acid is increased (Table 3) suggests that an orderly binding in an appropriate site may be occurring. The incremental binding energy of each methylene unit at this site can be easily quantified by measuring the fraction of the initial rate that is inhibited at increasing concentrations of the fatty acid inhibitors. The slopes of these plots, [(v0-v (Fig. 3) is equal to the quantity AGIRT (Young & Hou, 1979; Gitler & OchoaSolano, 1968) for the binding equilibrium. At 25°C the free-energy change, AG', is equal to 1900 J/mol (455 cal/ mol) per CH2 unit. This corresponds to the utilization of approx. 80% of the available hydrophobic binding energy (Gitler & Ochoa-Solano, 1968) and suggests an 'orderly' binding of methylene units is occurring, consistent with the existence of a fatty acyl-binding site.
The observation of a fatty acid-type-binding site is consistent with the numerous reports of GST enzymes binding leukotrienes (Sun et al., 1986a) , prostaglandins and their precursors (Spearman et al., 1985) , although there are specific transport and receptor proteins for most of these compounds with higher affinities than are typically displayed by the GST enzymes (Clark & Carrol, 1986; Takikawa et al., 1986a,b) . Nonetheless, binding of leukotriene C4 by cytoplasmic GST enzymes in vivo is sufficiently strong that it represents a substantial portion of the total leukotriene C4-binding sites in the cell' (Sun et al., 1986b) . Danielson et al. (1987) have described the kinetics of the detoxification of a series of 4-hydroxyalkenals, ranging from C5 to Cl5 in chain length, by several GST isoenzymes. The presence of fatty acid-type-binding sites such as these that accept methylene units in an orderly and systematic fashion could lend further credence to the suggestion that the GST enzymes may fOunction to protect against lipid-peroxidation products Scott & Kirsch, 1987) .
The reaction of GSH with CDNB is a bimolecular reaction that can be monitored in solution under exactly the same conditions as for the enzyme-catalysed reaction. The second-order rate constant for this reaction is 3.7 M-1 min-' at pH 6.5 and 25 'C. The turnover number per dimer molecule for GST from bovine brain is about 3400/min under the same conditions, giving a rate acceleration for the enzyme-catalysed reaction of approx. 1000-fold; this is only slightly larger than values reported for other GST enzymes (Douglas, 1987) . Page & Jencks (1971) and Jencks (1975) have estimated that, simply from entropic considerations, an enzyme can accelerate a bimolecular reaction by up to a factor of 108-fold; the 1000-fold acceleration in the present case pales by comparison. In order to achieve this large acceleration of about 108-fold, it is necessary to lose completely translational, rotational and internal entropies for both reactants. In brain GST there is little doubt that GSH is one of the natural substrates, and hence a 'perfect' enzyme (Knowles & Albery, 1977) would be expected to bind GSH so that all translational, rotational and internal entropies were minimized. There is also little doubt that CDNB is bound by the enzyme and that it reacts; hence the translational and internal entropies must also be lost for this substrate. However, since CDNB is probably unrelated to the 'natural' substrate for the brain enzyme, it is unlikely that the binding site is complementary enough to the structure to allow a complete loss of rotational entropy. If the substrate is completely rotationally disordered, then none of the 84 kJ mol-K-1 entropy units available from rotational-entropy loss is available for rate acceleration. Since the factor of 108-fold represents about -145 kJ mol-P K-1, a change of + 84 kJ mol-' K-`will leave only about -60 kJmol-' K-1 available for rate acceleration. At 25°C this amounts to a factor of just under 2000-fold. The agreement between the predicted value based on rotational entropy loss by only one reactant and the observed value of 1000-fold suggests that the enzyme may be doing little chemically to accelerate the reaction and that the GST-catalysed arylation of GSH by CDNB may be an example of an enzyme-catalysed reaction that is totally entropy-driven.
